. Consequently, the muscle becomes more resistant to fatigue during moderate intensity exercise. For example, when cytochrome c (+ci) increased 116% in rat skeletal muscle by endurance training, time to exhaustion during a treadmill run was increased by 400% (11) . This functional change is due mainly to an increase in mitochondrial volume density together with increases in the amount of enzymatic activity of mitochondrial proteins involved in oxidative metabolism (23) . It was found that mRNAs of several mitochondrial proteins increased in skeletal muscle of living animals after elevations in contractile activity (1, 26, 52, 53) . However, the mechanisms involved in these mitochondrial adaptations remain unclear.
Cytochrome c is a mitochondrial protein encoded by a nuclear gene (35) and targeted to the intermembrane space of mitochondria after posttranslational modification (51). It plays an essential role in oxidative respiration by transferring electrons between the respiratory complexes III and IV (20) and is a possible rate-limiting factor for electron transport (19) . Cytochrome c protein concentration in rat skeletal muscle increases after treadmill running (15) and chronic stimulation in vivo (10) and is directly correlated with the muscles' oxidative capacity and the animal's endurance capacity (15). Thus it is important to elucidate mechanisms underlying the control of cytochrome c gene expression.
Treadmill running exercise had no detectable effect on the transcription rates of the cytochrome c gene, as determined by nuclear run-on assays by Neufer and Dohm (36). In our preliminary experiments, chronically stimulated muscles showed no increase in the activity of a reporter gene driven by the promoter (-726 to +610) of the rat somatic cytochrome c gene (data not shown). We therefore began to investigate possible activity-responsive elements in its 3'-untranslated region (UTR). Because mRNAlocalization (44) and stability (43) and protein translation (48) may all be regulated by the interaction between cytoplasmic proteins and the mRNA in the control of gene expression, we hypothesized that there was a sequence-specific cytochrome c mRNA-protein interaction in the cytoplasm of skeletal muscle, which was responsible for the regulation in response to increased contractile activity. To test this hypothesis, we investigated the RNA-protein interaction in control and chronic stimulated rat skeletal muscle. The sequence of the antisense strand of the 55-nt oligonucleotide was 5'AATTCATTGTTAGC-CATTCATGATCTGAATTTGGTGTATGAATTAAA-TTATGGTG3'.
METHODS
The sequence of the sense strand of the 71-nt oligonucleotide was 5'GATCCGTTTTTGTTGGACAGCCCC-GATTTAAGTAAAATTGACTTGTCATAAAGTGGAT-ATGATCTTTTTTG3'.
The sequence of the antisense strand of the 71-nt oligonucleotide was 5'AATTCAAA&!AGATCAT-ATCCACTTTATGACAAGTCAATTTTACTTAAATCG-GGGCTGTCCAACAAAAACG3'.
After the sense and antisense strands had been annealed and phosphorylated by T4 oligonucleotide kinase, the two double-stranded oligonucleotides were each inserted into the polylinker region of pBluescript SK( +).
The cloned DNAs were digested with the following restriction enzymes before in vitro transcription:
probe A, BgZ II; probe B, Act I; probe C, Cla I; probe D, EcoR I; probe E, Cla I; probe F, Dra I; probe G, EcoR I; probe H, EcoR I; and probe I, EcoR I (see Fig. 2C 10 ug/ml leupeptin, 10 pg/ml pepstatin, and 1 ug/ml aprotinin] was added (5 ml/g, 1 ml minimum), and the sample was homogenized at 4°C with a Polytron homogenizer (Brinkman) at 70% of maximal intensity (10-s burst, 3 times with 10-s intervals).
The homogenate was spun at 4°C for 15 min at 15,000 g in a Sorvall (DuPont) centrifuge. The supernatant (S15; ' cytoplasmic extract) was snap-frozen in liquid nitrogen and stored at -80°C pending analysis. To further fractionate the muscle extract, S15 supernatants were thawed on ice and ultracentrifuged at 150,000 g (Beckman TY 65 rotor; 42,000 revolutions/min) for 1 h at 4°C (18) into a 150,000 g supernatant (Sl50) and a 150,000 g pellet fraction (Pl50). The pellet fraction (Pl50) was resuspended in homogenization buffer (one-third of the S15 fraction volume before ultracentrifugation).
Both were snap-frozen in liquid nitrogen.
The protein concentrations of S15, Sl50, and Pl50 fractions were determined by the Lowry method (28). GMSA and UV cross-linking assays. The assays were performed according to Rondon et al. (40) with modification. For GMSA, cytoplasmic extract (15 ug protein) was incubated at room temperature for 10 min with 1.5 ng 32P-labeled RNA probe in a reaction mixture containing 10% glycerol, 12 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH 7.9), 15 mM KCl, 0.25 mM EDTA, 0.25 mM DTT, 5 mM MgC12, and E. coZi tRNA (200 ng/pl) in a total volume of 15 pl. RNase Tl (0.6 units; CalBiochem) was then added and the solution incubated at 37°C for a further 20 min. RNA-protein complexes were resolved on a native 5% polyacrylamide gel in low-ionic-strength running buffer (22.25 mM Tris base, 0.5 mM EDTA, and 22.25 mM boric acid, pH 8.0). For UV cross-linking assay, the same procedures as GMSA were followed, but after RNase Tl treatment, the mixture was were added to each well and incubated for 2 h at room temperature.
To start ELISA, 100 pl of 3,3',5,5'-tetramethylbenzidine peroxidase enzyme immunoassay substrate (Bio-Rad) were added to each well and incubated for 10 min before the addition of 100 ul of 1 M HzS04. The plate was read at 450 nm in a microtiter plate reader (Bio-Rad). Statistics. mRNAs that were determined by RNase protection from control and stimulated muscles were compared by a paired Student's t-test (Fig. 1A) . Data from the time course experiment (including mRNAs determined by Northern analysis) were compared by one-way analysis of variance (Fig. 1B) ; P < 0.05 was regarded as significant. When this significance level was reached, a two-tailed Dunnett multiple-range test was performed to determine which time points were significantly different from the O-h group.
RESULTS
Cytochrome c mRNA at the 9th day of stimulation.
To determine whether cytochrome c gene expression increases in response to increased contractile activity, cytochrome c mRNA was determined in rat tibialis anterior muscle after 9 days of chronic stimulation.
Cytochrome c mRNA per unit of extracted RNA was 31% (P < 0.05) greater in the stimulated than in the control muscles (Fig. 1A) . Because total RNAper gram of wet weight increased from 1.27 t 0.07 mg/g wet wt in control to 2.11 -+ 0.11 mg/g wet wt in stimulated muscles (P < 0.05), cytochrome c mRNA concentration (cpm/g wet wt) was actually 111% higher (P < 0.01) in the stimulated than in the control muscles (Fig. 1A ). There was a 21% decrease in muscle wet weight after stimulation (0.42 _ . + 0 02 g in control and 0.33 t 0.03 g in stimulated muscles; P < O.Os>, so cytochrome c mRNA expressed per whole muscle increased by 68% as a result of stimulation (P < 0.05). These results proved that continuous stimulation was associated with an increase in cytochrome c mRNA and justified usage of stimulation for additional studies of cytochrome c mRNA expression.
Body weights during 13-day continuous stimulation. The body weight at the time of surgery (2 days before the onset of stimulation) was 151 2 1 g (n = 36). The body weights after stimulation for the 0-, 2-, 6-, 12-, and 24-h and 2-, 5-, 9-, and 13-day groups were 147 t 2, 160 t 3, 153 2 6, 149 t 2, 156 t 5, 163 k 3, 167 t 3, 184 t 4, and 188 k 4 g, respectively.
The body weights for 5-, 9-, and 13-day stimulated groups were significantly greater (P < 0.05) than for the O-h control.
Muscle wet weight during 13-day continuous stimulation. The tibialis anterior muscle weight (ratio to the contralateral control) increased at 2-h stimulation (1.10 t 0.04) c ompared with the O-h group (0.98 t 0.02; P < 0.05; Fig. 1B ) b u remained similar to the O-h group t from 6 h to 5 days and decreased after 9 and 13 days of stimulation (0.79 t 0.02 and 0.59 t 0.04 for 9-and 13-day groups, respectively; P < 0.05 for both groups; Fig. 1B) .
Cytochrome c protein and mRNA concentrations and total RNA concentration during 13-day continuous stimulation.
Cytochrome c protein and mRNA concentrations and total RNA concentration were unchanged at the 5th day of continuous stimulation but increased at the 9th day. Cytochrome c protein concentration was 5.23 t 1.13 nmol/g wet wt in O-h contralateral control tibialis anterior muscles. The change of cytochrome c protein concentration in the stimulated muscle (as a ratio to the contralateral control) became significant after 9 days (2.29 t 0.24; P < 0.05) and 13 days of stimulation (3.06 t 0.52; P < 0.05) compared with the O-h group (1.06 -+ 0 12; Fig. 1B) .
. Cytochrome c mRNA was quantified by Northern blot analysis (Fig. 1B) and expressed as relative units per gram wet weight (concentration) after calculation with total RNA concentration (53). Cytochrome c mRNA concentration in the stimulated muscle (as a ratio to the contralateral control) increased for the g-day group (1.95 + 0.14; P < 0.05) compared with the O-h group (1.00 ? 0.05; Fig. 1B ). These data confirm the increase in cytochrome c mRNA measured by RNase protection assay (Fig. 1A) .
Total 2h6h  12h  24h2d  5d  9d 13d Oh a ratio to contralateral control) increased at days 9 and 13 (1.52 +-0.13 and 1.54 t 0.15, respectively; P < 0.05 for both groups; Fig. 1B) .
Cytochrome c mRNA-protein interaction. To determine whether there is RNA-protein interaction for cytochrome c mRNA, radiolabeled RNA probes from different portions of the cytochromc c gene were incubated with cytoplasmic extract from control tibialis anterior muscle in GMSA and UV cross-linking assays. GMSA showed three RNase Tl-resistant complexes ( Fig. 2A) for probes C, 0, F, and H (Fig. 2C) , which contained either the entire 3' region, the 3'-UTR, or the proximal region of the 3'-UTR. Thus the protein binding site was mapped to a segment of 50 nt (probe H, +1339 to +1388) in the 3'-UTR. UV cross-linking assays were used to determine the molecular size and number of possible factors that bound to the 3'-UTR. A Muscle weight Time 37-kDa complex was detected for every probe (Fig. 2B ) and was not efficiently competed away by specific probes (Fig. 3B) . For those Probes that showed three RNA-protein complexes in GMSA (probes C, 0, E and H), two additional groups of complexes were detected; one group consisted of at least three complexes (79,83, and 90 kDa) of -84 kDa and another of at least two complexes (56 and 59 kDa) of -58 kDa (Fig. 2B) . When the 50-nt probe H was used, a band at -30 kDa appeared, with concurrent decreased binding at 37 kDa (Fig. 2B) .
The complexes on the native and denaturing gels were completely eliminated by incubation of the muscle extract with proteinase K before the reaction, showing that protein factors were involved in the formation of the complexes (Fig. 3A) . Addition of increasing amounts of unlabeled probe F RNA to the reaction mixtures
resulted in a concentration-dependent reduction in the formation of the 58 and 84-kDa complexes, which were not reduced by a nonspecific competitor from the coding region (Fig. 3B 1, indicating is involved in the contractile activity-mediated increase of cytochrome c mRNA, the interaction should change in response to chronic stimulation, concurrent with the increase of cytochrome c mRNA. To test this possibility, cytoplasmic extracts from tibialis anterior muscles that were continuously stimulated for different durations and radiolabeled 116-nt riboprobe F (+ 1337 to + 1452; GenBank accession nos. K00750 and M28216) were used in GMSA assays. A consistent decrease in RNase Tl-resistant complexes (RNA-protein interaction) was observed in GMSA for the tibialis anterior muscles that had been stimulated continuously for 9 and 13 days compared with the contralateral control (4 of 4 samples for each time point; Fig. 4 ). For E&day-stimulated muscles, a less consistent and smaller decrease in RNA-protein complex formation was noticeable, but no consistent change was observed for those muscles that had been stimulated for <5 days (Fig. 4) . Similar data were found for UV cross-linking (data not shown). These data demonstrate that the increase in cytochrome c gene expression in response to chronic stimulation in rat skeletal muscle was concurrent with the decreased RNA-protein interaction in the 3'-UTR of cytochrome c mRNA.
RNA-protein interaction after ultracentrifugation of stimulated muscle extracts. To determine whether the protein factors that interact with cytochrome c mRNA were soluble or associated with the 150,000 g pellet fraction, we centrifuged the cytoplasmic extracts (S15) at 150,000 g (1 h, 4°C) to obtain the 150,000 g supernatant (S150) and the 150,000 g pellet (P150) fractions. S150 contains mainly soluble cytoplasmic proteins and P150 contains ribosomes and sarcoplasmic reticulum (18, 29, 41) . Radiolabeled 3'-UTR transcripts from probe F of the cytochrome c gene (+1337 to +1452) were incubated with different fractions (S15, S150, and P150) from the control and stimulated tibialis anterior muscles (Fig. 5) . GMSA experiments were performed (Fig. 5A ). In the control muscle, ultracentrifugation slightly increased the binding activity in S150 (lane 2) compared with S15 (lane 1), which may be due to the purification by ultracentrifugation. There was little binding in P150 (lane 3). In the stimulated muscle, however, we were able to detect RNA-protein interaction in the supernatant fraction (S150, lane 5, Fig. 5A ) of the muscle extract after ultracentrifugation. UV cross-linking experiments were also performed (Fig.  5B) . The 58-and 84-kDa complexes were present in both S150 (lane 2) and P150 (lane 3) in the control muscle after ultracentrifugation.
The amount of protein cross-linked to the probe in the stimulated muscle (58-and 84-kDa complexes) was very low in S15 (lane 4) and was increased substantially by ultracentrifugation in S150 (lane 5, Fig. 5B ). There was very little binding in P150 (lane 6) for the 37-kDa complex, which has been shown to compete weakly by specific probes. The restoration of RNA-protein interaction in the stimulated muscle by ultracentrifugation was not due to the l-h incubation at 4°C during centrifugation, a possibility that was tested by GMSA and UV cross-linking assays in a separate experiment (data not shown). These data indicate that 1) the protein factors in the skeletal muscle that interact with the 3'UTR of cytochrome c mRNA are present in both the 150,000 g supernatant and the 150,000 g pellet fractions and 2) the decreased RNA-protein interaction in the stimulated muscle could be restored by removing the 150,000 g pellet fraction from the stimulated muscles' 15,000 g supernatant.
Inhibition of cytochrome c mRNA-protein interaction by supplementation of stimulated muscle extract. The possibility was considered that ultracentrifugation had removed an inhibitor associated with the 150,000 g pellet fraction, resulting in the restoration of the binding activity in the 150,000 g supernatant of the stimulated muscle. If this were true, the observed RNAprotein interaction with control muscle extracts would be diminished when the 150,000 g pellet fraction from the stimulated muscle was added. To test this hypothesis, an aliquot (4.5 pg protein) of P150 from the control (C-P1501 or stimulated (S-P1501 muscle was added to S15 or S150 of the control or stimulated muscle and incubated at 30°C for 15 min before the UV cross-HC- (Fig. 6) . Addition of P150 from the control muscle had little effect on the RNA-protein interaction of the control muscle (lane 2). However, when P150 from the stimulated muscle was added, it inhibited specifically the formation of the 5% and 84-kDa RNAprotein complexes (lane 3 , Fig. 6) ; the nonspecific 37-kDa complex was unaffected. A similar inhibitory effect was observed when P150 from the stimulated (S-P150) muscle was added to S150 of the control muscle CC!-S150; lane 6, Fig. 6 ). P150 from either the control muscle or the stimulated muscle had little effect on the RNA-protein interaction in the stimulated muscle (lanes 8 and 9, respectively), because the binding activity in S-S15 was already low. The RNA-binding activity was significantly higher in S150 (lane 10, Fig.  6 ) than in S15 (lane 7, Fig. 6 ) of stimulated muscle, as noted in another set of animals (Fig. 5) . When P150 from the stimulated muscle (lane 121, but not that from the control muscle (lane U), was added, the RNAbinding activity was decreased (Fig. 6) . Similar inhibitory effects were observed with GMSA(data not shown). P150 from the stimulated rat tibialis anterior muscle could also inhibit the interaction between SE from human skeletal muscle (biceps) and radiolabeled 3'-UTR transcripts of the rat cytochrome c mRNA (data not shown). These observations provide evidence that the decreased RNA-protein interaction in the 3'-UTR of cytochrome c mRNA after chronic stimulation is due to an inhibitory component associated with the 150,000 g
32 -FP 1 2 3 4 5 6 7 8 9 10 11 12 Fig. 6 . Inhibition of RNA-protein interaction in 3'-UTR of cytochrome c mRNA by 150,000 g pellet fraction from stimulated TA muscle. UV cross-linking assays were performed with radiolabeled RNA probe (1.5 ng) from 3'-UTR of rat somatic cytochrome c gene ( + 1337 to + 1452). The 150,OOOg pellet fractions (4.5 pg protein) from stimulated (S-P1501 or contralateral control TA muscles (C-P1501 were added to cytoplasmic extract or 150,OOOg pellet fraction (15 pg protein) from stimulated (S-S15 or S-S150) or contralateral control TA muscles (C-S15 or C-S150) and incubated at 30°C for 15 min before assay. Molecular masses were estimated from prestained markers (Sigma). FP, free probe. Similar results were obtained from >5 experiments. interaction in stimulated muscle extract by ultracentrifugation. GMSA and W cross-linking assays were performed as described in METHODS. A: autoradiogram from GMSA assay with a radiolabeled riboprobe F (1.5 ng) from 3'-UTR of rat somatic cytochrome c gene ( + 1337 to +1452) and different fractions (S15, S150, and P150,15 pg protein) from 13-day stimulated and contralateral control TA muscles. HC, high complex; DC, diffuse complex; LC, low complex. B: autoradiogram of UV cross-linking assay with same probe and muscle fractions. Molecular masses were estimated from prestained markers (Sigma). FP, free probe. Similar results were obtained from 3 experiments. pellet fraction. Treatment with micrococcal nuclease (1,000 U/ml, 37°C 10 min) had no effect on the inhibitory role of the 150,000 g pellet fraction from the stimulated muscle (data not shown), indicating that the inhibitory factor does not require a nucleic acid for its inhibitory function. The heat-treated P150 (98°C 10 min) from the stimulated muscle (H-S-P1501 lost its ability to decrease the RNA-protein interaction compared with the nontreated P150 from the stimulated muscle (S-P150; Fig. 7 ). These results demonstrate that the inhibitory component is heat sensitive.
DISCUSSION
Cytochrome c gene expression is increased by continuous stimulation of skeletal muscle. For example, cytochrome c protein concentration increased by 90 and 206% in rat skeletal muscle after 26 days (8 h/day) of stimulation (10) and 13 days of continuous stimulation (24 h/day; Fig. lB) , respectively. Our finding that cytochrome c mRNA concentration increases by 111% after 9 days of continuous stimulation suggests that at least a part of the increase in cytochrome c protein is due to pretranslational regulation. It is not known whether the increased cytochrome c mRNA concentration results from increased transcription or enhanced stability of cytochrome c mRNA.
Sequence-specific RNA-protein interaction in the 3'-UTR is reportedly involved in posttranscriptional regulation, through alteration of mRNA stability and translatability, and correct coding of certain amino acids (8, 12, 27, 32, 37, 49) . In the present study, we detected specific RNA-protein complexes from interactions between cytoplasmic proteins and a proximal region (50 nt) in the 3'-UTR of cytochrome c mRNA (Fig. 2B) . Because the poly(A) tail was not included in the riboprobes in this research, it is clear that the protein At least two possibilities exist as to the sequence basis for the RNA-protein interaction in the 3'-UTR of cytochrome c mRNA. First, cytoplasmic truns-factors recognize a specific secondary structure on the mRNA. There are precedents for this possibility. For example, stem-loop structures have been found in the 3'-UTRs of transferrin receptor and type I deiodinase mRNAs (6, 33) that mediate posttranscriptional regulation. Second, cytoplasmic trans-factors interact with a specific RNA&-element rather than a secondary structure; for example, cytoplasmic proteins bind to AUUUA motifs in the 3'UTR of cytokine mRNAs and regulate their stability (16, 54) . We suspect that the cytochrome c mRNA-protein interaction is not due to the AUUUA motif in the 50-nt region, because there are five AUUUA motifs outside the 50-nt region that did not show specific RNA-protein interaction (Fig. 2, A and B) . However, the possibility still exists that the AUUUA and its flanking nucleotides in the 50-nt region function as a trans-acting factor binding site or sites. Our finding that the RNA binding activity was detectable in all seven species (rat, mouse, human, rabbit, pig, dog, and chicken; data not shown) tested with the 116-nt rat riboprobe is suggestive of a degree of conservation that would be consistent with a functionally important role of this region of cytochrome c mRNA.
Another finding that supports a potential functional role for RNA-protein interaction is that it decreases coincidentally with increases in cytochrome c protein and mRNA during continuous electrical stimulation of the skeletal muscle. Continuous stimulation for 9 days diminished specific RNA-protein interaction in the 3'-UTR of cytochrome c mRNA in rat tibialis anterior muscle. Concurrently, cytochrome c protein and mRNA concentrations first increased at 9 days of continuous stimulation in the same muscles. However, at 5 days of continuous stimulation, none of these three changes had occurred. This finding further supports the hypothesis that chronic stimulation increases cytochrome c gene expression through decreased RNA-protein interaction in the 3'-UTR.
Our finding that cytochrome c protein concentration in rat tibialis anterior muscle increased significantly after 9 and 13 days is in agreement with the delayed induction of other mitochondrial enzymes and proteins during chronic stimulation in both rabbit (13, 21, 39, 47,521 and rat (50) . An increase of cytochrome c mRNA concentration was also observed at day 9 of stimulation, indicating that the increased cytochrome c gene expression due to chronic stimulation is at least partly due to an increase in the mRNA level. However, the increase in cytochrome c protein concentration (stimulation to control ratio of 2.29 + 0.24 and 3.06 t 0.52 for 9-and 13-day groups, respectively) was more than the increase in the mRNA concentration (stimulation to control ratio of 1.95 t 0.14 and 1.78 t 0.43 for 9-and 13-day groups, respectively). The possibility of translational or posttranslational control, referred to by Williams et al. (521, therefore remains. The initial attempt to use ultracentrifugation to locate the protein factors that interact with cytochrome c mRNA provided information that they are present in both the 150,OOOg supernatant and the 150,OOOg pellet fractions in control tibialis anterior muscles. Although the RNA-protein interaction complexes of the 150,OOOg pellet fraction from control muscle were detected in both the GMSA and W cross-linking experiments, we believe that most of the RNA-binding factors are soluble proteins in the 150,000 g supernatant fraction because it took three times as much muscle to obtain an amount of 150,000 g pellet protein that yielded equal or less RNA-protein interaction. We also included the stimulated muscle extracts in the above ultracentrifugation experiment, which generated unexpected and important data, i.e., removal of the 150,000 g pellet fraction restored the decreased RNA-protein interaction in the stimulated muscle. These results argue against a disappearance of proteins binding to the RNA as a cause of decreased RNA-protein interaction after chronic stimulation. They also indicate that the decreased binding is not due to degradation of the binding factors during preparation of the muscle extract. In addition, the UV cross-linking assay showed decreased formation of complexes at 84 and 58 kDa, but not at 37-kDa, in the stimulated muscle, suggesting that this is not the result of an increase in nonspecific nuclease activity. Second, incubation of the stimulated muscle extract during the l-h ultracentrifugation could have resulted in increased affinity of the binding factors. This hypothesis was eliminated by the observation that incubation of the muscle extracts at 4°C for 1 h without ultracentrifugation had no effect on binding pattern or intensity (data not shown). Third, a factor, or factors, associated with the 150,000 g pellet fraction could have inhibited the RNA-protein interaction in the stimulated muscle. This hypothesis was tested by addition of the 150,000 g pellet fractions to the cytoplasmic extracts from the control muscle. The experiments, which showed that the 150,000 g pellet fraction from the stimulated but not the control muscle was able to inhibit the RNA-protein interaction, provide evidence for the induction or activation of such an inhibitor of RNA-protein interaction.
The mechanism underlying the inhibition is not known, but it seems that the inhibitory factor does not bind directly to the cytochrome c mRNA to compete for the binding because the 150,OOOg pellet fraction from the stimulated muscle showed no binding activity (Fig. 6) . Thus an inhibitor of RNA-protein interaction in the 3'-UTR of cytochrome c mRNA is induced by continuous stimulation. To determine whether an RNA or protein component in the inhibitor was intimately involved in its function, the 150,000 g pellet fraction of the stimulated muscle was pretested in two ways. Pretreatment with micrococcal nuclease did not affect the inhibitory function (data not shown). This implies that the inhibitor does not contain an RNA component or that, if it does, the RNA component is not required for its inhibitory function. Pretreatment with heat denaturation abolished the inhibitory function, indicating that the inhibitor is heat sensitive and could be a protein. These are some initial steps in characterizing the inhibitory factor. Further characterization will require it to be isolated. In summary, the present study demonstrates that a proximal region in the 3'-UTR of cytochrome c mRNA interacts with cytoplasmic proteins in rat skeletal muscle. We further report that this RNA-protein interaction decreases after continuous muscle stimulation. The RNA-protein interaction activity can be restored in stimulated muscle extracts by removal of the 150,000 g pellet and decreased in control muscle extracts by the addition of the stimulated muscle 150,000 g pellet. The concurrent increase in cytochrome c mRNA and protein concentrations (24) and decrease in the RNA-protein interaction in the 3'-UTR of cytochrome c mRNAin the g-day stimulated muscle suggests an inhibitory role for the RNA-protein interaction in cytochrome c gene expression. This is the first report, to our knowledge, of an inducible inhibitory factor that decreases RNAprotein interaction.
The association of the inhibitory factor with the 150,000 g pellet fraction is particularly interesting and suggests the intriguing possibility that cytochrome c mRNAs undergoing translation in stimulated muscles, a process that involves mRNA binding to ribosomes on the rough endoplasmic reticulum, are subject to a compartmentalized regulatory influence.
